In the present work, an attempt has been made to apply an efficient technique, Grey based fuzzy logic method to solve correlated multiple response optimization problems, in the field of submerged arc welding. This approach converts the complex multiple objectives into a single grey-fuzzy reasoning grade. Based on grey-fuzzy reasoning grade, optimum levels of parameters (Welding current, arc voltage and welding speed) are identified. Nine experiments based on an orthogonal array of Taguchi method were performed. Weld bead hardness and material deposition rate were selected as the quality targets. The optimal procedure is proposed and developed for solving the optimal multi-response problem, which applies the grey relational coefficient in each response and converts a grey-fuzzy reasoning grade so as to evaluate multiple responses. The significant contributions of parameters are estimated using Analysis Of Variance (ANOVA). Confirmation test is conducted and reported. It is found that the welding current is the most significant controlled factor for the process according to the weighted sum grade of the maximum weld bead hardness and material deposition rate. This evaluation procedure can be used in intelligent decisionmaking for a welding operator. The proposed and developed method has good accuracy and competency. The paper highlights a detailed methodology of the proposed scheme and its effectiveness. The proposed technique provides manufacturers to develop intelligent manufacturing system to achieve the highest level of automation.
INTRODUCTION
Welding is one of the major and principal manufacturing processes widely used because of its inherent properties of joining similar or dissimilar metals efficiently and economically. It is a multi-input multi-output process since the output variables being closely coupled together, a great deal of time and cost are expended by trial-and-error methods to obtain optimal weld conditions through the combination of the various welding process parameters to produce consistent weld quality. SAW process is a widely used industrial arc welding process needs a better prediction and monitoring of its parameters. Process planners use different techniques to estimate the influence of the welding parameters (welding current, arc voltage, and welding speed) on bead hardness and deposition rate which are the most sought weld quality indicator in the SAW process. Weld is sound and economical if it achieves maximum deposition rate and hardness [1] [2] [3] . Usually, the desired welding parameters are determined based on welder's experiences which are simple and inexpensive. However, the obtained result may not guarantee optimal performance. It is necessary to select the most appropriate weld parameter settings to improve weld efficiency, process at low cost and produce highquality products.
Weld parameters optimization through experimental methods and mathematical models has grown substantially over time to achieve a common goal of improving higher weld efficiency [4] [5] [6] . The applications of Taguchi's method optimize the performance characteristics through the settings of process parameters and reduce the sensitivity of the system performance to sources of variation and have become a powerful design of experiments method [7, 8] . Traditional Taguchi method can solve single and simple objective problems of. But in the real world engineering applications most of the problems are multi-objective [9] . It is cumbersome to optimize simultaneously objectives in complex process by single objective method and engineering judgment is primarily used to resolve such complicated problems. An engineering judgment often increases the degree of uncertainty during efficient decisionmaking process. Hence solving multiple objectives problem needs attention.
Grey relational analysis theory initialized by Deng [10] makes use of this technique to handle uncertain systematic problem with only partial known information. Grey relational analysis theory is adopted for solving the complicated interrelationships among the multiple objectives in various fields of manufacturing [11] [12] [13] [14] [15] [16] [17] .
The theory of fuzzy logic originated by Zadeh [18] has been proven to be useful for dealing with uncertain and vague information. The definition of objectives contains certain degree of uncertainty with vagueness. Hence the fuzzy logic is applied to establish the optimal setting of parameters for multiple objectives. This method is applied to optimize the parameters of electrical discharge machining [19, 20] .
The grey based fuzzy logic approach combines the advantage of both the methods. The objectives in grey method such as lower-the-better, higher-the-better and nominal-the-better contains certain degree of uncertainty and vagueness which is overcome by fuzzy logic. This method was successfully applied to optimize multiple objectives of complicated problems in machining parameter optimization [21] , optimize parameters in light guide plate printing process [22] and optimize parameters in CNC turning process [23] . Fuzzy based desirability function approach [24] was used to optimize of bead geometry of submerged arc weld. In this study, the effect of weld parameters on bead hardness and deposition rate are reported using grey based fuzzy logic. The significant contribution of each cutting parameters to the multiple objectives are calculated using ANOVA [25] analysis.
GREY BASED FUZZY LOGIC
The proposed approach combines the grey relational analysis with fuzzy logic in order to determine the process parameters with optimal performance characteristics.
Grey Relational Analysis
Grey relational analysis is used to solve complicated interrelationships among the multiple performance characteristics problems effectively. In grey relational analysis, system has a level of information between black and white. In other words, in a grey system, some information is known and some information is unknown. In a white system, the relationships among factors in the system are certain; in a grey system, the relationships among factors in the system are uncertain.
Data pre-processing is normally required since the range and unit in one data sequence may differ from the others. Data preprocessing is also necessary when the sequence scatter range is too large, or when the directions of the target in the sequences are different. Data pre-processing is a means of transferring the original sequence to a comparable sequence. Depending on the characteristics of a data sequence, there are various methodologies of data pre-processing available for the grey relational analysis. Experimental data ij y is normalized as Zij ( 0 1 
Then, calculate grey relational co-efficient ij  for the normalized values. This grey relation co-efficient is applied to show the relationship between the optimal (best=1) and actual normalized results. The higher value of grey relational coefficient ij  represents that the corresponding experimental results is closer to the optimal (best) normalized value for the single response.
Fuzzy Logic
Fuzzy logic ( Figure 1 ) is a way to representing information that mimics human reasoning about information. The most interesting fact about fuzzy logic is that fuzzy inferences make it possible to deduce a proposition similar to the consequence from some proposition that is similar to the antecedent [26, 27] . It is an effective mathematical model of resolving problems in a simple way which contain the uncertain and huge information [28] . In fuzzy logic analysis, the fuzzifier uses membership functions to fuzzify the grey relational coefficient. The fuzzy inference engine then performs a fuzzy inference on fuzzy rules in order to generate a fuzzy value. Finally, the defuzzifier converts the fuzzy value into a grey-fuzzy reasoning grade. Fuzzy logic has three simple steps defined below
Step 1 Fuzzification: In a fuzzy expert system application, each input variable's crisp value is first fuzzified into linguistic values before the inference engine proceeds in processing with the rule base.
Step 2 Inference engine: In a fuzzy expert system, the collection of fuzzy IF-THEN rules is stored in the fuzzy rule base which is referred to by the inference engine when processing inputs. Once all crisp input values have been fuzzified into their respective linguistic values, the inference engine will access the fuzzy rule base of the fuzzy expert system 
Where  and  are the minimum operation and maximum operation. grade is used to optimize the multiple objectives and the relational degree between main factor and other factors for each performance characteristics. The higher grey-fuzzy reasoning grade indicates that the experimental result closer to the ideally normalized value.
PROPOSED METHODOLOGY
The scheme of the proposed grey based fuzzy logic approach is (Fig.2 ) summarized as follows
Step 1: Design an appropriate orthogonal array to plan the experimental design and determining the level of parameters Step 2: Conduct the experiments based on the orthogonal array
Step 3: Data pre-processing of experimental results using (1) - (3) Step 4: Compute the grey relational coefficient of machining objectives by using (4) Step 5: Establishing the trapezoidal membership function and fuzzy rule to fuzzify the grey relational coefficient of each response.
Step 6: Calculating the fuzzy multi-objectives output by defuzzification of the output linguistic variables into crisp values i.e., grey-fuzzy reasoning grade.
Step 7: Mean response for each level of parameters is calculated and their response graph is plotted.
Step 8: Select the optimal level setting of machining parameters by using response table and response graph.
Step 9: Analyze the grey-fuzzy reasoning grade with ANOVA. Step10: Verify the optimal process parameters through Confirmation test. 
Determination of optimal weld parameters
Experiments are designed as per Taguchi's L 9 orthogonal array layout to avoid systematic errors penetrating the system at M/s. Sree Jyothi Enterprises, Tiruchirappali, India. TORNADO SAW M-800 semiautomatic welding equipment with a constant voltage, rectifier type power source, 800 A capacity was used to join two mild steel plates of dimension 200 X 100 X 6 mm, IS: 2062 (0.25 % C, 0. (Fig.3) . Square butt joint with a 1 mm root opening was selected to join the plates in the flat position, keeping the electrode positive and perpendicular to the plate as per the experimental setup explained previously. Single pass welding bead on joint weld with square butt weld is performed on the weld plates by varying the initial parameters as shown in Table I . The working ranges for the process parameters were selected from American Society Welding handbook. Each trial of experiment was done twice and the average value is taken. Deposition rate and bead hardness are considered as objectives. The metal deposition rate was calculated with the help of stop watch and length of the electrode melt. Vickers hardness test was performed on Vickers Hardness testing machine having diamond indenter by applying a load of 40 kg. Based on the designed L 9 orthogonal array combination a series of joining processes are performed in welding machine. Experimental results are summarized in Table II . 
Optimization of welding parameters
Normalize the value of given objectives using one of the Equations (1), (2) and (3) depending upon the type of quality characteristics. Calculate the grey relational co-efficient using (4).
The value for  is taken as 0.5 in (4) since all the process parameters are of equal weighting. The computed normalized value for each quality characteristics and grey relational coefficients are shown in Table III . Next, the grey relational grade is computed using fuzzy logic analysis. Grey relational coefficients of bead hardness and deposition rate are taken as input to the fuzzy model and the output is grey-fuzzy reasoning grade. MATLAB software is employed to develop the fuzzy logic model (Figure 4 ).The grey relational coefficients corresponding to each process response is fuzzified and then a single fuzzy reasoning grade is obtained by using the maxmin fuzzy inference and centroid defuzzification methods. Hence, optimization of complicated multiple process responses is converted into optimisation of a single fuzzy reasoning grade. The defuzzifier converts the fuzzy value into non-fuzzy value which is called as grey-fuzzy reasoning grade. The membership function adopts in this is trapezoidal membership function which has a flat top and really is just a truncated triangle curve (Figure 4 ). There are five fuzzy sets for variables bead hardness and deposition rate: ( Figure 5 ) very small (VS), small (S), medium (M), large (L), and very large (VL). The nine fuzzy sets ( Figure 6 ) are: tiny (T), very small (VS), small (S), small medium (SM), medium (M), medium large (ML), large (L), very large (VL), and huge (H).The fuzzy rules in a matrix form used for the fuzzy logic controller are presented in Table IV . 
Graphical representation of fuzzy logic reasoning procedure for the experimental result is shown ( Figure 7 ). The rows represent 25 rules, and columns represent the two inputs and one output variable. The locations of trapezoidal indicates the determined fuzzy sets for each input and output value. The height of the darkened area in each trapezoidal corresponds to the fuzzy membership value for that fuzzy set. For the first experiment, the input value of grey relational coefficient of deposition rate and hardness are 0.519 and 0.412 respectively. The defuzzified output for the first experiment gives the grey-fuzzy reasoning grade value as 0.479 from the combined darkened areas shown in the last column of Grey-fuzzy-grade ( Figure 7 ). The entire results of the calculated grey-fuzzy reasoning grade for the experiments are displayed in Table V . Finally, the grades are considered for optimizing the multi objective parameter design problem. From the value of grey-fuzzy reasoning grade (Table V) , the main effects are tabulated in Table VI and the factor effects are plotted ( Figure 7 ). Considering maximization of grade value (Table VI / Figure 8 ), optimal parameter conditions A 3 B 1 C 3 are obtained. 
RESULTS
Using the grey relational grade value, ANOVA is formulated for identifying the significant factors. The results of ANOVA are given in Table VII . From ANOVA, it is clear that welding current (30.76%) influences more on welding of mild steel followed by welding voltage (28.94%) and welding speed (4.44%). In order to predict the optimum condition, the expected mean at the optimal settings (  ) is calculated by using the following model.
Where, 3 A , 1 B and 3 C and are the mean values of the grey relational grade with the parameters at optimum levels and gg T is the overall mean of average grey grade. The expected mean (  ) at optimal setting is found to be 0.736.
Confidence interval (CI) is calculated as 11 (1, ) ee eff
=  0.3172
Where, Once the optimal level of the design parameters has been determined, the final step is to predict and verify the quality characteristic using this optimal level of design parameters. Table VIII gives a comparison of the multiple process responses for initial and optimal welding parameters. As noted from 
CONCLUSIONS
The effects of welding parameters and the optimum welding parameters for a SAW process on the multiple performance characteristics are systematically investigated by grey relational analysis and fuzzy logic with orthogonal array. The following conclusions are made:
 Approach of grey based fuzzy logic analysis is a productive method for optimizing the multi-objective problems predicting the deposition rate and hardness in welding of mild steel.  From ANOVA computations, it is revealed that welding current and welding voltage are predominant factors which affect the welding of mild steel. Welding current (30.76%) influences more on welding of mild steel followed by arc voltage (28.94%) and welding speed (4.44%).  The best performance characteristics is obtained with welding current of 315 A, lower arc voltage of 25 V and higher welding speed of 27 cm/s.  Through the optimum procedure of grey-fuzzy logic with orthogonal array, the level constitution of optimal welding parameters are acquired and verified by confirmation test. Final results verifies that the multiple objectives are improved simultaneously through this approach.
